We report on intensity fluctuations of a coherent random laser based on incoherent feedback via nonresonant multiple scattering. We quantify the spectral line shape fluctuations in terms of correlations of an individual spectrum with the ensemble-averaged spectrum, which infers the signature of the gain profile of the medium. These correlations are studied in relation to the intensity of the highest coherent modes. We evaluate the distribution of the ratio of the coherent and incoherent fractions in the emission, after independently assessing their statistics. Finally, these intensity fluctuations are graphically represented in a single scatter plot, the centroid of which can be used as a characterization parameter for the laser. [12] , and fluctuations in intensity following a power-law decay [13] . In random lasing experiments involving ultranarrow modes via nonresonant feedback, the coherent emission is necessarily accompanied by incoherent radiation from the random system. The two components are coupled through the gain, and any fluctuations in one are expected to occur in the other as well. Photon statistics experiments on random lasers have indeed demonstrated a superposition of coherent and incoherent components [14] . These fluctuations are directly reflected in the spectral line shape, which shows a typical profile consisting of ultranarrow modes comprising the coherent energy, residing on an incoherent pedestal resulting from depleted population inversion. The creation of coherent emission via incoherent feedback is a counterintuitive and intriguing fact, and therefore the emission from such a system deserves deeper investigation. There have been no attempts to study the fluctuations of coherent intensity arising from incoherent feedback via nonresonant scattering. In this Letter, we address, for the first time to our knowledge, the intensity fluctuations in an ultranarrowband random laser with incoherent feedback. We investigate the lineshape fluctuations in terms of correlations of an individual spectrum consisting of coherent emission with the ensemble-averaged spectrum, which carries the signatures of the gain profile. We assess the statistics of coherent and incoherent components independently, after separating them on the basis of the spectral line shape. We study the relation between the maximum emission intensity with the spectral correlation. We evaluate the distribution of the ratio of the coherent and incoherent fraction in the emission, and, finally, we graphically sum up the intensity fluctuations in the random laser in a scatter plot and discuss its centroid as a characterization parameter for the laser.
Investigations of random lasing have rapidly grown in recent times, mainly for two reasons. First, it shows a ubiquitous occurrence in a large variety of materials. Second, two distinctive underlying mechanisms exist for its manifestation, namely, nonresonant and resonant feedback [1] [2] [3] . The genesis of the concept of random lasing is credited to Letokhov [4] when he addressed the scenario of nonresonant feedback of light in a gain medium. He showed that in an open disordered amplifying medium, the mode that lases is decided by the gain profile of the medium regardless of the disorder configuration. This claim was experimentally verified in a dye-scatterer system under conditions of varying disorder strengths [5] , which prompted several theoretical treatments of characteristics of random lasers via incoherent feedback (see, e.g., [6] ). The field of random lasing has seen a significant advance through reports of ultranarrowband, coherent lasing modes from such media that originate from localized modes [7] or random resonances [2] . Ultranarrowband emission can also be obtained via incoherent feedback by amplified extended modes [8] . Recently, it has been experimentally resolved that localized modes and extended modes coexist, and the degree of chaotic behavior that is exhibited by the random laser depends upon the size of the medium [9] .
Random amplifying systems have strong interactions between modes [10] . Such systems have been shown to exhibit fluctuations of several kinds, such as frequency fluctuations from systems with static disorder [11] , intrinsic intensity fluctuations [12] , and fluctuations in intensity following a power-law decay [13] . In random lasing experiments involving ultranarrow modes via nonresonant feedback, the coherent emission is necessarily accompanied by incoherent radiation from the random system. The two components are coupled through the gain, and any fluctuations in one are expected to occur in the other as well. Photon statistics experiments on random lasers have indeed demonstrated a superposition of coherent and incoherent components [14] . These fluctuations are directly reflected in the spectral line shape, which shows a typical profile consisting of ultranarrow modes comprising the coherent energy, residing on an incoherent pedestal resulting from depleted population inversion. The creation of coherent emission via incoherent feedback is a counterintuitive and intriguing fact, and therefore the emission from such a system deserves deeper investigation. There have been no attempts to study the fluctuations of coherent intensity arising from incoherent feedback via nonresonant scattering. In this Letter, we address, for the first time to our knowledge, the intensity fluctuations in an ultranarrowband random laser with incoherent feedback. We investigate the lineshape fluctuations in terms of correlations of an individual spectrum consisting of coherent emission with the ensemble-averaged spectrum, which carries the signatures of the gain profile. We assess the statistics of coherent and incoherent components independently, after separating them on the basis of the spectral line shape. We study the relation between the maximum emission intensity with the spectral correlation. We evaluate the distribution of the ratio of the coherent and incoherent fraction in the emission, and, finally, we graphically sum up the intensity fluctuations in the random laser in a scatter plot and discuss its centroid as a characterization parameter for the laser.
The experimental setup consisted of a focused Nd:YAG laser (EKSPLA, PL2143B), with λ ¼ 532 nm and pulse width ∼25 ps, incident onto a cuvette containing a suspension of ZnO nanoparticles (average diameter ∼35 nm) suspended in a 1 mM solution of Rhodamine 6G in methanol. The mean free path ℓ was measured to be 406 μm in a coherent backscattering setup. One thousand spectra were grabbed for analysis. Figures 1(a) and 1(b) show two spectra, which exemplify the typical spectral line shape of emissions from such systems, with distinct, well-separated ultranarrow peaks riding on an incoherent pedestal. These peaks do not average out into a continuum after any short interval smoothening, and their width is also larger than the pixel size of the CCD. We used a spline interpolation algorithm involving the minima of the peaks in the spectrum to reconstruct the pedestal, as indicated by the thin lower (red online) curves in the two spectra. Clearly, the curve successfully fit the pedestal on which the ultranarrow modes reside. We treated the energy in the pedestal as the incoherent energy, as against the coherent energy in the peaks. Thereafter, by subtracting the pedestal from the total spectrum, we isolated the ultrasharp peaks that carried only the coherent energy released from the system. The smooth dotted curve in (a) shows the ensemble-averaged spectrum hSðλÞi, which is similar to that obtained in earlier random lasers with nonresonant feedback, but without ultranarrow modes. The bandwidth of hSðλÞi is ∼5 nm, in agreement with those observations. The bandwidth of the ultranarrow peaks is ∼0:2 nm, and the peaks fluctuate in frequency with every pulse. The measured bandwidth is limited by our apparatus; the actual width of these peaks is not yet measured and is expected to be determined by the initiating spontaneous emission process coupled with any broadening mechanisms during its trajectory, such as gain broadening. Figures 1(c) and 1(d) display the coherent modes obtained from the spectra after removal of the incoherent component. After carrying out this filtration on all 1000 spectra, we then analyzed the systematics of the coherent and incoherent energy of the random laser.
The departure from the average line shape of the spectrum can be quantified by the correlation coefficient between the individual spectral profile S and the averaged profile hSi. Earlier, we had demonstrated the complete lack of correlation between two individual spectra, even in the presence of static disorder [11] .
, where m and n index the elements of S and hSi and the overbars denote their respective means. Figure 2 (a) demonstrates the distribution of the correlation coefficient. The mean coefficient is 0.92, indicating a good correlation, which shows that the signature of the gain profile of the medium persists also in coherent random lasing. We have independently calculated the correlation between the pedestal and hSi and found a mean coefficient of 0.96. Evidently, a substantial contribution to η comes from the incoherent pedestal comprising fluorescence from the depleted-gain system. In a random laser based on extended modes, the occurrence of ultrahigh intensity peaks neutralizes the inversion in the system, and the remnant modes suffer from a depleted gain. The larger the intensity of the peak, the stronger is the depletion and hence the stronger the suppression of subsequent peaks. Accordingly, the spectral profile can be expected to be sensitive to the highest intensity in the spectrum. We indeed found this sensitivity as exhibited in Fig. 2  (b) , which depicts a scatter plot of the intensity of the highest peak in a spectrum and η. An anticorrelation is evident between the two parameters. This graph clearly asserts the trend that the larger the intensity in the highest peak, the larger is the deviation from the average behavior.
After separation from the full spectrum, we studied the distribution of the intensity in the coherent peaks, as is depicted in Fig. 3 . The intensity distribution is seen to be exponentially decaying. In an open, nonresonant disordered system with gain, this behavior can be traced to the exponential distribution of the path lengths in the medium [8] . The actual gain coefficient experienced by a certain path depends upon the local inversion, which largely fluctuates both spatially and temporally, causing departures from the exponential decay, which are also seen in the plot. The inset shows the distribution of the peak intensities including the incoherent energy, which exhibits a spurious shoulder in the distribution. We could not fit an exponential decay to this distribution.
When the remnant gain is not sufficiently strong to support more coherent peaks, the emission assumes the form of fluorescence [8, 15] . These dynamics in the system are self regulated, and there is no a priori control on the distribution of coherent and incoherent energy. To assess the fraction of coherent energy emitted in each pulse, we studied the distribution of the ratio of the coherent fraction of light I coh to the incoherent fraction I inc in all 1000 spectra, as is shown in Fig. 4 . The figure shows an asymmetric distribution with a mean ratio of 0.52, indicating that, on an average, about 35% of the energy is emitted in coherent modes in a random laser with the said parameters. The area under the asymmetric histogram indicates an equal number of spectra on either side of the mean, but the probability of finding a spectrum with I coh > 35% decays exponentially. Few spectra had I coh > 50%. Since fluorescence from the dye molecules is chiefly responsible for the incoherent energy, a choice of materials with a large gain cross section and a small fluorescence cross section may reduce the loss and couple maximal energy into a coherent mode via stimulated emission.
An ideal random laser would be one that emits all the absorbed pump energy into a single coherent random lasing mode, with minimal incoherent emission. In a real situation, the total emitted intensity also exhibits large statistical fluctuations, accompanied by the fluctuations in peak coherent mode. Emission intensity in a disordered gain medium is known to exhibit intrinsic fluctuations, apart from fluctuations in incoupled intensity [12] . To elucidate this behavior, we demonstrate a scatter plot of the normalized total intensity integrated over all frequencies, with the intensity of the highest coherent mode in the spectrum. Scatter points toward the extreme right indicate pulses where a large intensity was emitted in the pulse. Along the y axis, the position indicates the energy concentrated in the coherent mode of the maximum intensity in the spectrum. Points at the top indicate efficient concentration of energy into one coherent mode. The figure can be divided into four quadrants as labeled. The separators for the four quadrants were straight lines intersecting through the centroid of the scatter, indicated as a black square. The first quadrant signifies the most desirable condition of random lasing, wherein most of the excitation energy coupled into the laser was re-emitted as random lasing, and further, most of that energy was released in a single coherent mode. A large dispersion of scatter points occurs in this quadrant because of the large fluctuations in this regime. The locus of the scatter points sums up the fluctuations behavior of a random laser under given conditions of disorder and gain. The centroid in the plot can be used to characterize such a system under the said conditions of disorder and gain. It would be interesting to know whether such systems can be controlled so that the centroid moves toward top-right extreme in the scatter plot, either by optimizing parameters such as disorder strength, gain length, system size, etc., and/or by choosing materials with a large gain cross section and small fluorescence cross section.
In summary, we have encapsulated significant statistical properties of coherent random lasers arising from incoherent feedback. The fluctuations of the spectral line shape and coherent and incoherent intensity have been measured and quantified. Such encompassing statistical description should motivate a complete theoretical treatment of this intriguing phenomenon.
